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Abstract. We present a brief account of the developments in the description of hght meson res- 
onances using unitarized extensions of the Chiral Perturbation Theory series, both in energy and 
temperature. In particular, we describe how these methods have been recently shown to describe 
simultaneously the low energy and resonance regions of meson-meson scattering. This approach 
could be of relevance to understand the light scalar mesons since it provides a formalism that re- 
spects chiral symmetry and unitarity and is able to generate resonant states without any a priori 
theoretical bias toward their existence, classification or spectroscopic nature. We will also review 
how this approach is also able to describe the thermal evolution of the p and a mesons. In addition 
we review their extensions to higher orders, the most recent determination of the resonance pole 
properties, as well as their behavior in the large Nc limit, which could be of relevance to understand 
their spectroscopic nature. 



1. INTRODUCTION 

Although QCD has been established as the fundamental theory of strong interactions 
and its predictions have been thoroughly tested to great accuracy in the perturbative 
regime (above 1-2 GeV), our understanding of the low energy regime is still rather 
controversial, specially concerning scalar mesons, which is the topic of this conference. 
At high energies, QCD is a perturbative theory because a description in terms of quarks 
and gluons is possible, however, at low energies, the usual perturbative expansion has 
to be abandoned in favor of somewhat less systematic approaches in terms of mesons. 
An exception is the formalism of Chiral Perturbation Theory (ChPT) JH 0], built as 
the most general derivative expansion of a Lagrangian containing only pions, kaons 
and the eta. These particles are the Goldstone bosons associated to the spontaneous 
chiral symmetry breaking of massless QCD. In practice, ChPT becomes an expansion in 
powers of energy, momenta or temperature, over the scale of the spontaneous breaking, 
i.e.,4;r/o — 1.2 GeV. For the zero temperature processes we are going to review, and due 
to Lorentz invariance, only even powers of energy and momenta occur in the expansion, 
which are generically denoted as 0{p-^),0{p^), etc... For thermal expansions, there is 
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a breaking of Lorentz invariance due to the thermal bath and the expansion also has 
terms of 0{T^),0{T'^) and the powers of momenta should be separated in space and 
time components. Of course, quarks are not massless, but since their mass is small 
compared with typical hadronic scales, they are introduced as perturbations in the same 
power counting, and give rise to the masses of the n.K and rj mesons, counted as 
M = 0{p^). The main advantage of ChPT is that it provides a Lagrangian that allows 
for true Quantum Field Theory calculations, and a chiral power counting to organize 
systematically the size of the corrections at low energies. In particular it is possible 
to calculate meson loops, whose divergences are renormalized in a finite set of chiral 
parameters at each order in the expansion. As a consequence, the parameters appearing 
in the Lagrangian, after renormalization, depend on an arbitrary regularization scale 
jU; however, the physical observables are scale independent, since the }! dependence is 
canceled through the regularization of the loop integrals. In other words, all the relevant 
physical scales are those given by parameters in the Lagrangian. As a consequence, at 
each order we get finite results, and as long as we remain at low energies and only a few 
orders are necessary, the theory is predictive in the sense that once the set of parameters 
up to that order is fixed from some experiments, it should describe, to that order, any 
other physical process involving mesons. For example, in the isospin limit, the leading 
order Lagrangian is universal since it only depends on /o, which corresponds to the pion 
decay constant in the chiral limit, and the leading order meson masses mO,M^ and mJ. 
The dependence on the QCD dynamics only comes through the one loop SU(3) chiral 
parameters L,-, with i= 1...10, and Hi, Hi- In particular, meson-meson scattering to one 
loop depends only on L,-, with i= 1...8 PQ. 

Another salient feature of ChPT is its model independence and the fact that it has been 
possible to obtain the behavior of the chiral parameters in the limit of a large number of 
colors Nc [2, 3]. Also, these parameters contain information about other heavier meson 
states that have not been included as degrees of freedom in ChPT |4]. 

As a matter of fact ChPT remains valid only at low energies, momenta or temperature. 
At higher energies the number of independent terms allowed by symmetry increases 
dramatically at each order, but also resonances appear rather soon in meson physics. 
These states are associated to poles in the second Riemann sheet of the amplitudes and 
such behavior cannot be accommodated by the series of ChPT. From the thermal point 
of view, these more massive states are always present in the bath, and their contribution 
becomes relevant if the temperature increases. Finally, a polynomial series (there are also 
logarithmic terms, but are irrelevant for this discussion) will always violate the unitarity 
constraint, more and more severely as the energy increases. 

Thus, unitarization methods have emerged as a powerful tool to extend the ChPT 
description with the aim of exploiting as much as possible the symmetry and dynamical 
information contained in the ChPT Lagrangian [5, 6, 8, 9, 10]. The basic point is to 
realize that the partial wave unitarity condition determines the imaginary part of the 
inverse of the amplitude \m\/t. The dynamics enter the partial waves only through 
Re 1/f and the use of ChPT to calculate it has yielded remarkable results: In [ 10] we 
have recently shown by unitarizing the one-loop ChPT amplitudes, that it was possible 
to generate the resonant behavior of light meson resonances, respecting simultaneously 
the ChPT expansion and using values of the chiral parameters compatible with those 
already present in the literature. 



In what follows we will review all those results paying special attention to the light 
scalar mesons. In section II we will briefly summarize the basics and the most recent 
developments of ChPT unitarization: the complete one-loop meson-meson scattering 
unitarized within ChPT [10], the extension to two-loops in KK scattering and to channels 
with vanishing leading order. In section III we will present our recent determination jllh 
of the pole positions of the generated resonances, which are related to their masses and 
widths. In section IV we will introduce the thermal calculation of to one loop, and 
its unitarization that allows for a description of the thermal behavior of the p and o 
resonances. Finally, in section V we will also present a study of the behavior of the 
poles in the large A^^ limit. This whole approach is of special interest for the meson 
spectroscopy community, since these resonances are generated from the most general 
Lagrangian consistent with QCD, and therefore without any bias toward its existence, 
which is still subject of a strong debate. The fact that nine of these scalar poles seem to 
appear together in chiral unitary approaches, suggests that they could form a multiplet. 
Finally, even more controversial is their composition in terms of quarks and gluons, 
which is properly defined only in terms of QCD. We thus hope that the well defined link 
of our approach with QCD in the large Nc limit could help shedding some light on the 
spectroscopic nature of light resonances. 



II. UNITARIZED CHIRAL PERTURBATION THEORY FOR 
MESON MESON SCATTERING 

In order to compare with experiment it is customary to use partial waves tjj of definite 
isospin I and angular momentum J. For simplicity we will omit the /, J subindices in 
what follows, so that the chiral expansion becomes ? ~ ?2 + ?4 + with t2 and t4 of 
0{p^) and 0{p^), respectively. The unitarity relation for the partial waves ttj, where 
denote the different available states, is very simple: when two states, say "1" and "2", 
are accessible, it becomes 

imr = rEr* ^ imr^ = -E ^ r = (Rer^-/E)^ (i) 

with T-Z^'^ii ^12\ y _ ( A n^. 

^~\tn t22) ' ^"V ^2)' 

where a,- = 2^,/ ^/s and qi is the CM. momentum of the state /. The generalization 
to more than two accessible states is straightforward in this matrix notation. Let us 
remark that, since ImT^ is fixed by unitarity we only need to know the real part of 
the Inverse Amplitude. Note that Eq.lH]) is non-linear and cannot be satisfied exactly 
with a perturbative expansion like that of ChPT, although it holds perturbatively, i.e, 

Im T2 = 0, Im r4 = E +0{p^). (3) 

The use of the ChPT expansion Rer^i ~ 72^^(1 -(Re 74)73" .) in eq.dl]), guarantees 
that we reobtain the ChPT low energy expansion and that we are taking into account all 
the information included in the chiral Lagrangians (both about Nc and about heavier 
resonances). In practice, all the powers of I//0 in the amplitudes are rewritten in terms 



of physical constants or fK or f-q . At leading order this difference is irrelevant, but 
at one loop, we have three possible choices for each power of /q in the amplitudes, all 
equivalent up to 0{p^). It is however possible to substitute the /o's by their expressions 
in terms of fjt or fx or in such a way that they cancel the 0{p^) and higher order 
contributions in eq.©, so that 

Imr2 = 0, lmT4 = 721^7^. (4) 

We will call these conditions "exact perturbative unitarity". From eq.®, we find 

T^T2{T2-T4)-'T2, (5) 

which is the coupled channel lAM that has been used to unitarize simultaneously all the 
one-loop ChPT meson-meson scattering amplitudes fTo*]. It has the advantage that all the 
pieces are analytic and it is thus straightforward to obtain analytic continuations in the 
complex s plane to look for poles associated to resonances. Although the justification of 
the lAM we have presented is valid only for physical values of s, where the unitarity con- 
dition holds, the analytic continuation to the complex s plane has also been justified in 
terms of dispersion relations in the elastic case |5, 6]. One of the main advantages of the 
lAM is that it is extremely simple to implement, only involving algebraic manipulations 
on the ChPT series. Alternative methods have been proposed and applied successfully to 
the full ChPT series, for instance for nn scattering to one loop |7]. However, in this brief 
review we concentrate on the lAM only due to its simplicity and remarkable success. 

The lAM was applied first for partial waves in the elastic region, where a single 
channel is enough to describe the data. This approach was able to generate the p and 
o poles in nn scattering and that of K* in nK nK (^\. Only later it has been noticed 
that the k pole can also be obtained in the elastic single channel formalism. Concerning 
coupled channels, since not all the meson-meson amplitudes were known to one-loop, 
only the leading order and the dominant s-channel loops were considered in ||^, thus 
neglecting crossed and tadpole loop diagrams. Despite these approximations, it was 
achieved a remarkable description of meson-meson scattering up to 1 .2 GeV, generating 
the poles associated to the p, K* , /o, uq, o and K. The price to pay was, first, that only 
the leading order of the expansion was recovered at low energies. Second, apart from the 
fact that loop divergences were regularized with a cutoff, thus introducing an spurious 
parameter, they were not completely renormalized, since there were diagrams missing. 
Therefore, it was not possible to compare the L/ parameters, which are supposed to 
encode the underlying QCD dynamics, with those already present in the literature. 

As already explained the whole approach is rather interesting to study the existence 
and properties of light scalar resonances and it is then very relevant to check that 
these poles and their features are not just artifacts of the approximations, estimate the 
uncertainties in their parameters, and check their compatibility with other experimental 
information regarding ChPT. All in all, it is also hard to study within this approximation 
the large Nc behavior that should be inherited by ChPT from QCD. 

The above reasons triggered the interest in calculating and unitarizing the remaining 
meson-meson amplitudes within one-loop ChPT. In ^ the KK — > KK calculation was 
completed, and together with previous works lfl2ll . they allowed for the unitarization of 
the nn, KK coupled system. There was a good agreement of the lAM description with 



the existing L,, reproducing again the resonances in that system. Much more recently, we 
have completed the one-loop meson-meson scattering calculation [10], including three 
new amplitudes: Krj — > Krj, 7777 ^ 7777 and Kk Krj, but recalculating the other five 
amplitudes unifying the notation, ensuring " exact perturbative unitarity", Eq.®, and 
also correcting some errors in the literature. Next, we have unitarized these amplitudes 
with the coupled channel lAM thus allowing for a direct comparison with the standard 
low-energy chiral parameters, in very good agreement with previous determinations. In 
that work we presented the full calculation of all the one-loop amplitudes in dimensional 
regularization, and a simultaneous description of the low energy and the resonance 
regions. In addition we estimated the uncertainties from the data, which are rather large 
due to the intrinsic difficulties in the meson-meson experiments. 

Obviously, the first check was to use the standard ChPT parameters, that we have 
given in Table 1 to see if the resonant features were still there, at least qualitatively, and 
they are. Thus, they are not just an artifact of the approximations and of the values chosen 
for the parameters. As already commented, this comparison can only be performed now 
since we have all the amplitudes renormalized in the standard MS — 1 scheme. 

TABLE 1. Different sets of chiral parameters (x 10^). The first column comes from recent analysis of 
Ki4 decays 1 13| (L4 and Lg are set to zero). In the ChPT column L\,L2,L^ come from fTT] and the rest 
from |2]. The three last ones correspond to the values from the JAM including the uncertainty due to 
different systematic error used on different fits. Sets II and III are obtained using amplitudes expressed 
in terms of fj^, /k and /jj, whereas the amplitudes in set I are expressed in terms of /^i only. 



Parameter 


Ki4 decays 


ChPT 


lAMI 


lAM II 


lAM III 


L\{Mp) 


0.46 


0.4 ±0.3 


0.56±0.10 


0.59 ±0.08 


0.60 ±0.09 


L'^{Mp) 


1.49 


1.35±0.3 


1.21±0.10 


1.18±0.10 


1.22 ±0.08 


L3 


-3.18 


-3.5±1.1 


-2.79±0.14 


-2.93±0.10 


-3.02 ±0.06 




(fixed) 


-0.3 ±0.5 


-0.36±0.17 


0.2 ±0.004 


(fixed) 


U,{Mp) 


1.46 


1.4 ±0.5 


1.4 ±0.5 


1.8 ±0.08 


1.9 ±0.03 


LiiMp) 


(fixed) 


-0.2±0.3 


0.07 ±0.08 


0±0.5 


-0.07 ±0.20 


Li 


-0.49 


-0.4 ±0.2 


-0.44 ±0.15 


-0.12±0.16 


-0.25±0.18 


Ll{Mp) 


1.00 


0.9 ±0.3 


0.78±0.18 


0.78 ±0.7 


0.84 ±0.23 



After checking that we made an lAM fit. Systematic errors in the data are the largest 
contribution to the error bands of the results as well as in the fit parameters in Table 
1. These uncertainties are calculated from a MonteCarlo Gaussian sampling [10] (1000 
points) of the L, sets within their error bars, assuming they are uncorrelated. Note that 
in Table 1 we list three sets of parameters for the lAM fit, fairly compatible among 
them and with those of standard ChPT. As explained before they correspond to different 
choices when reexpressing the fo parameter of the Lagrangian in terms of physical decay 
constants. The lAM I fit was obtained using just which is simpler but unnatural when 
dealing with kaons or etas. The plots and uncertainties of this fit are not shown here 
because they can be found in [ 10]. There, it could be observed that the /o(980) region 
was not very well described yielding a too small width for the resonance. 

That is the reason why Fig.l shows the results of a second fit (lAM II) using ampli- 
tudes written in terms of ffc and frj when dealing with processes involving kaons or etas 
lITlll . Let us remark that the data in the /o(980) region is well within the uncertainties. 
In particular, we have rewritten our 0{p^) amplitudes replacing one factor of l/f^i by 



1//a: for each two kaons present between the initial or final state, or by 1/ fr] for each 
two etas appearing between the initial and final states. In the special case Kr\ Kn we 
have changed 1//^ by l/{fKfr\)- The difference between the two ways of writing the 
leading order amplitudes is 0{p^), and is therefore included in the next to leading_order 
contribution using the relations between the decay constants and /o provided in |2,'l3]. 
The I//0 factors in each loop function at 0{p^) (generically, the J{s) given in the ap- 
pendix of 1.10.] ) are changed to satisfy "exact perturbative unitarity", eqs.©. From the 
point of view of the ChPT counting, the amplitudes are the same up to 0{p'^), but nu- 
merically they are slightly different. From Table 1, we see that the only sizable change is 
in the parameters related to the decay constants, i.e., L4 and L5. For illustration we give 
in Table 1 a third fit, lAM III, obtained as lAM II but fixing L4 = as in the most recent 
K14. 0{p'^) determinations. This is the value estimated from the large Nc limit, and since 
our fits are not very sensitive to the variations in L4 thus we avoid that it could get an 
unnatural value just from an insignificant improvement of the X^- 



TABLE 2. Scattering lengths ajj and slope parameters bjj for different meson-meson scat- 
tering channels. For experimental references see |10]. Let us remark that our one-loop 1AM 
results at threshold are very similar to those of two-loop ChPT. 



Threshold 


Experiment 


1AM fit 1 


ChPT C>(//) 


ChPT Oip^) 


parameter 






^i2J 


115] 





0.26 ±0.05 


n 901+0.003 
^■^•'^-0.006 


0.20 


0.219±0.005 


boo 


0.25 ±0.03 


0.30± 0.01 


0.26 


0.279±0.011 


aio 


-0.028±0.012 


-0 0411+""°'''^ 


-0.042 


-0.042±0.01 


bio 


-0.082±0.008 


-0.074±0.001 


-0.070 


-0.0756±0.0021 


ail 


0.038±0.002 


0.0377±0.0007 


0.037 


0.0378±0.0021 


«l/20 


0.13. ..0.24 




0.17 




"^3/20 


-0.13. ..-0.05 




-0.5 




«1/21 


0.017.. .0.018 


0.016±0.002 


0.014 




aio 






0.0072 





To conclude, we show in Table 2 the values of the scattering lengths and slopes, which 
confirms that we have a simultaneous description of the low energy and resonant regions 
of meson-meson scattering. As we have seen in Table 1, all this is achieved with chiral 
parameters compatible with those from standard ChPT. Hence, since the expressions are 
fully renormalized, we are not including any dependence on any spurious parameter. 

Another result of relevance in the context of unitarized ChPT has been the consider- 
ation of higher order effects .JThere is indeed a simple way to extend the I AM to higher 
orders, already proposed in [6], and first applied to two loop scattering and the pion 
form factor 1 17], also obtaining remarkable results. This study has been very recently ex- 
tended in [18] with a careful analysis of the uncertainties. This amplitude depends on the 
0{p^) and 0{p^) parameters through six combinations only, called bi. Despite the poor 
knowledge about these two-loop parameters, listed in Table 3, in fTs] a good description 
of the data is found, including the o and p regions, with parameters, again given in Table 
3, compatible within errors with those already in the literature. The error analysis carried 
out in 111 81] is also of relevance because unitarization methods in general, and the lAlVI 
in particular, are mainly criticized for their violation of crossing symmetry. However, in 
that work it was shown that the lAlVI crossing violations, "quantified in terms of Roskies 
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FIGURE 1. lAM fit to meson-meson scattering data, set II in Table 1. The uncertainties cover the 
estimated systematic errors. The statistical errors from the fit would be much smaller The data comes 
from (11 



sum rules" , and taking into account the present experimental uncertainties are " not 
very large in percentage terms". 

We finish this section about the unitarized description of meson-meson scattering 
reviewing the recent generalization of the lAM lEol] to channels where the leading order, 
T2, vanishes. For instance, that is the case for all channels with 7 > 1, so that eq.© 
cannot be applied. Note also that eq.© implies that the perturbative imaginary part 
vanishes up to 0{p^). However, despite these difficulties, and using again a dispersive 
approach, it has been possible to generalize the lAM and unitarize the (2,0) channel. 



using: 

^lAM ^ ^4 

\-t(,/u-t%/h + tl/tX 

Up to the moment not even the 0{p^) SU (2) pion ChPT Lagrangian is known. Hence, we 
have used the two-loop SU (2) calculation and we have estimated the 0{p^) contribution 
to Kit scattering in the chiral limit, since, as it is the only term surviving in the m^j 
limit, we expect it to dominate at the energies y/s » m-n where the first /2(1250) 
resonance appears. In this way we are only introducing an additional parameter, whose 
size, on dimensional grounds, should be c ~ (l/4;r/o)^ ~ 3 x lO^^^MeV^^ 

TABLE 3. Estimates of the 0{p^) parameters are given in row two. In the third row we give 
values that, with the lAM up to 0{p^), fit very well nn scattering in the (7,7) — (0,0), (1, 1) and 
(2,0) channels. Set 1 with eq.(8) describes remarkably well the I — 0,7 = 2 data, but only agrees in 
the order of magnitude with previous values. Set II is closer to 1 18], but yields a narrower resonance 
(see Fig. 2. a), due to other coupled states not present in our approach. 





102/71 


102/72 


10^/73 


10^^/74 


10% 


lOX 


0(/) ChPT fl9] 
0{p^) lAM UJJ 

set I 

set II 


-9.2... -8.6 
-7.7±1.3 
-3 

-6.6 


8.0... 8.9 

7.3±0.7 
4 

6.4 


-4.3 ... -2.6 
-1.8±1.6 

3.8 

-3.6 


4.8 ...7.1 
4.8±0.1 
7 

6.7 


-0.4 ... 2.3 
1.3±0.2 
8.7 
4.0 


0.7... 1.5 
0.2±0.2 

1.6 

1.5 



Thus, in Fig. 2. a (dashed line) we compare the {I, J) = (0,2) phase shift data with 
the results of applying eq.® to the ChPT amplitude just described, using the set I of 
parameters given in Table 3. By fitting, it is possible to force a remarkable description 
of the experiment, including the /2(1250) resonance. However that is not realistic since 
the /2(1250) has an 85% decay to nn and should not be described with scattering 
only. For that reason the set I, although with the correct order of magnitude, does not 
compare well with the values given in the literature, listed in column two and three of 
Table 3. For illustrative purposes, we also show, as a dotted line, the result using set II 
in Table 3, which is obtained if we allow for a 15% narrower resonance. That is not a 
fit, but the parameters are much closer to those given in the literature. Finally, we want 
to remark that for any set of parameters that we have found yielding results like those in 
Fig. 2. a, the values needed for the c constant lie in the c ~ 10^^^ to 10^^^ MeV^^ range, 
consistently with our expectations. 

We have therefore checked that the lAM produces good results as soon as we provide 
it with reasonable inputs, also in channels with higher angular momenta. 



IV. POLES ASSOCIATED TO RESONANCES 

In this section we will investigate whether the unitarized complete meson-meson ampli- 
tudes obtain the same poles as obtained with previous approaches. This is of relevance 
since, for instance, both the o and K scalar states are rather controversial even though 
their poles have been found by several other groups using different techniques fli, 22]. 
The debate has become increasingly interesting when recent experiments seem to require 
such poles 1.23.1 to describe completely different processes. 








MeV 



FIGURE 2. a) The , / = 0, / = 2 nn scattering phase shift and the resuhs of our unitarized chiral 
resonance model (continuous line), of eq.(|6j with the parameters in set I (dashed line), and with those in 
set II (dotted hne) in Table 3. b) Thermal evolution of the (7 and p poles. 



The most interesting features of the chiral unitary approaches is that the poles thus 
generated are not included in the original ChPT Lagrangian and hence appear without 
any theoretical prejudice toward their existence, classification in multiplets, or nature. 
Of particular interest for this workshop is the simultaneous generation of the scalar 
resonances a, K',ao(980) and /o(980) in a chiral context, so that it seems very natural to 
interpret them as a nonet. Nevertheless, we should distinguish two different resonance 
generation mechanisms: already in [24] it was noted that to generate the scalars just the 
leading order and a cutoff was enough, whereas the vector mesons require the chiral 
parameters, particularly L\,L2 and L3 ||^. Of course, the chiral parameters are always 
present , but it seems that their values are not related to the hypothesized light scalar 
nonet. Since the vectors are fairly well established qq states, this difference suggests that 
scalars like the C7, fc, etc may have a different nature. With the amplitudes described in 
the previous sections we expect to reach a more conclusive statement, since they respect 
the chiral expansion, and, being completely renormalized, have no spurious dependence 
on any cutoff or dimensional regularization scale. In addition, the fact that we use 
chiral parameters compatible with previous determinations ensures that our description 
is consistent with other low energy processes. 

Thus, in Table 4 we show the pole position for the resonances, including uncertainties, 
for the different lAM parameter sets given in Table 1. For comparison we provide in the 
first row those obtained in the "approximated" lAM [8], whereas we list in Table 5 the 
poles listed presently in the PDG |25]. These results deserve some comments: 

• The vectors p(770) and ^*(892), are very stable within chiral unitary approaches. 
Their positions are almost the same irrespective of whether one uses the single 
channel Jsiyj, the approximated coupled channel |H] or the complete lAM [10]. 

• The o and K pole positions are robust within these approaches. No matter what 
version of the lAM is used. Note the small uncertainties in some of their parameters, 
in very good agreement with recent experiments iEbIi . 

• The /o(980) has a sizable decay to two different channels and therefore it can only 
be studied in a coupled channel formalism. In practice, both the approximated and 



complete lAM generate a pole associated to this state at approximately the same 
mass. However, as already remarked the unitarized ChPT amplitudes using just f^^ 
ifioll . yield a too narrow width. The good news is that it can be well accommodated 
using fn, fx and 

• The ao(980) also requires a coupled channel formalism, and the data on this region 
is well described either by the approximated or the complete lAM. However, the 
presence of a pole is strongly dependent on whether we write the ChPT amplitudes 
only in terms of fn, or using the three fx and /^j. In the first case, as already 
pointed out in ll26ll . the use of the "approximated" lAM with just fji, favored 
a "cusp" interpretation of the ao(980) enhancement in nrj production. With the 
complete lAM we do not find a pole near the ao(980) enhancement and indeed the 
nrj phase-shift does not cross n/l and it neither has a fast phase movement. In 
contrast, when expressing /o in terms of fji, fx and fri as described in the previous 
section, we do find a pole and its associated fast phase movement through 7t/2, 
either with the approximated or complete lAM. Thus, this pole is rather unstable 
as can be noticed from its large uncertainties in Table 4. We are somewhat more 
favorable toward the second interpretation because it is also able to describe better 
the /o(980) width. But the two possibilities remain open. 



TABLE 4. Pole positions (with errors) in meson-meson scattering. When close to the real axis 
the mass and width of the associated resonance is ^Spoie — M — iF/l. 



^.V,AMeV) 


P 


K* 


a 


/o 


flo 


K 


1AM Approx 
(no errors) 


759-i71 


892-i21 


442-i227 


994-i 14 


1055-121 


770-1250 


1AM 1 


760-i82 


886-i21 


443-i217 


988-i4 


cusp? 


750-1226 


(errors) 


±52±i25 


±50±i8 


± 17±il2 


± 19±i3 




±18±ill 


1AM 11 


754-i74 


889-i24 


440-i212 


973-ill 


1117-112 


753-1235 


(errors) 


± 18±ilO 


± 13±i4 


± 8±il5 


+39 +il89 
-127 -ill 


+24 +(43 
-320 -(12 


±52±i33 


1AM 111 


748-i68 


889-i23 


440-i216 


972-i8 


1091-152 


754-1230 


(errors) 


± 31±i29 


±22±i8 


±7±il8 


+21+ i7 


+ 19 +(21 
-45 -i40 


±22±i27 



TABLE 5. Mass and widths or pole positions of the light resonances quoted in the PDG O- Recall 
that for narrow resonances ^JsJ^e —M — iT /2 



PDG2002 


p(770) 


/:*(892)± 


C7or/o(600) 


/o(980) 


flo(980) 


K 


Mass (MeV) 
Width (MeV) 


771+0.7 
149 + 0.9 


891.66 + 0.26 
50.8 + 0.9 


(400- 1200)-i (300-500) 
(we list the pole) 


980+10 
40-100 


980+10 
50-100 


not 
listed 



Let us remark that the /o(980) and ao(980) resonances are very close to the KK 
threshold, which can induce a considerable distortion in the resonance shape, whose 
relation to the pole position could be far from that expected for narrow resonances. 
In addition these states have a large mass and it is likely that their nature should be 
understood from a mixture with heavier states. 



IV. THERMAL EVOLUTION OF THE o AND p MESONS. 



In a recent paper we have calculated the temperature one-loop corrections to the nn 
scattering amplitude iEtIi . These corrections are finite although they appear through the 
pion loops and consequently, do not include any additional parameter in the expression 
of the amplitude. A discussion on the rigorous meaning of such an amplitude in terms of 
Thermal Field Theory, as well as the explicit expression of the thermal corrections can 
be found in iIitI] . For our purposes here, it is enough to say that the thermal amplitude can 
be projected into partial waves that satisfy a generalized perturbative unitary relation: 



Im?2(*)=0, Im?4(5;j8) = ar(So)k2Wp , SQ>lmn,fi = l/T (7) 



where 



Ot{E)=o{E' 



1 + - 



(8) 



exp(/3|£|/2)-l. 

is the thermal two-particle phase space in the c.o.m. frame. It is nothing but the phase 
space o{s) defined above but corrected by the presence of two-pion states following a 
Bose-Einstein distribution. 

In the dilute gas approximation it is natural to assume that this unitarity relation should 
be satisfied to all order, which thus leads to a straightforward thermal generalization of 
the lAM lE^l . In the elastic approximation it is again the lAM formula, but simply using 
the thermal amplitudes,i.e., replacing t^{s) by t^{s,P), calculated in [12711 . Obviously, 
we recover the zero temperature unitarized amplitude when we make T — > 0. We recall 
again that the temperature dependence appears at this order through finite contributions 
to the loop functions, but not in the chiral parameters. Thus, once we have parameters 
that generate the o and p at T = 0, we can follow their thermal evolution by changing 
T . Nevertheless, although the unitarization allows to extend the ChPT applicability 
range, the dilute approximation implies that we can only look at temperatures up to 
T ~ 200MeV. Thus, in Fig2.b ll28ll we can see the thermal evolution of the a and 
p poles. Note that the width of both resonances is growing with the temperature. For 
the p this is in good agreement with observations of the dilepton spectra produced in 
Heavy Ion Collisions. For the o it could be interpreted as a signal of chiral symmetry 
restoration. 



V. UNITARIZED CHPT AND THE LARGE Nc 

QCD is not perturbative below 1 or 2 GeV. However, to understand many qualitative 
features of QCD and also as a guiding line to organize calculations we can use the large 
Nc expansion [29], even though the number of colors is actually Nc = 3. The advantage 
of the large A^^- limit to study resonances is that qq states become bound states as Nc °°. 
More quantitatively, their mass should remain almost constant M ~ 0( 1), whereas their 
decay width to two mesons should behave as F ^ 0(1 /Nc). A similar behavior holds 
for glueballs decaying to two mesons. In contrast, some multiquark states as qqqq are 
expected to become unbound, i.e., to be part of the meson-meson continuum L30.1 . 



The parameters in the ChPT Lagrangian inherit the large Nc dynamics of QCD. In 
particular, the meson masses and decay constants behave as f7nfK,fri = 0{\/Nl) and 
Mn,Mic,Mrj = 0(1). In Table 6, we list the large Nc behavior of the chiral parameters 
lyD, which is established in a model independent way. Note however that there is an 
uncertainty on the renormalization scale that corresponds to Nc = 3, although generically 
it should lie in the /i ~ 0.5 — 1 GeV range. 



TABLE 6. Different sets of chiral parameters (x 10^). For illustration, the ChPT 
and lAM I columns are repeated from Table 1. Other JAM sets give similar results. 
The last column shows the leading large A'^ behavior, calculated from QCD. 



Parameter 


ChPT 


lAMI 


Large M 


xlO-^ 


H = 770 MeV 


11 = 770 MeV 


behavior 


2Li - L2 


-0.6 ±0.2 


0.56±0.10 


0(1) 


Li 


1.35±0.3 


1.21±0.10 


0{N..) 




-3.5±1.1 


-2.79 ±0.14 


OiN,) 


u 


-0.3 ±0.5 


-0.36±0.17 


0(1) 


Ls 


1.4 ±0.5 


1.4 ±0.5 


0{N,) 


Le 


-0.2±0.3 


0.07 ±0.08 


0(1) 


Li 


-0.4 ±0.2 


-0.44±0.15 


0(1) 


Lh 


0.9±0.3 


0.78±0.18 


0{Nc) 



Since we have built our unitarized amplitudes using the completely renormalized 
ChPT expressions, we can now study the large Nc behavior of the generated resonances 
and get a hint on their nature. We will simply scale the ChPT parameters at /i = 770 MeV 
in the lAM amplitudes fitted to the data, which therefore correspond to Nc = 3. As 
already commented, for narrow resonances the pole position ^Spou — M — iT/l M and 
r being the mass and width of the resonance. From the spectroscopic point of view, 
a resonance could be a mixture of several states, but comparing its large Nc behavior 
we could, in principle, elucidate the nature of the dominant component. Indeed, already 
in 1E2I1 it was shown, using unitarized meson-meson scattering from a chiral resonance 
Lagrangian and only the s-loops unitarized with an N/D method, that the lightest scalar 
resonances did not behave as one would expect for qq states. We will next show the 
results of our, still preliminary, study with the unitarized ChPT renormalized amplitudes. 
Of course, if most of the states of the mixture disappears in the large Nc limit, a very 
small portion of a qq could become more patent if we increase Nc sufficiently. To avoid 
these effects we will present results for Nc up to about 20. 

Thus, Fig. 3 shows the large A^^- behavior of the poles in several channels of meson 
meson scattering. Each dot corresponds to a different value of Nc- First of all, we want 
to be sure that the method works for well established qq states and so we turn to vector 
resonances. Hence, on the top left, we represent the movement of the p(770) pole the 
I,J — 1,1 channel of nn scattering. On the top right we display the K*{9S2) movement 
in the I,J = 1,1/2 channel of nK scattering. Remarkably, the lAM reproduces the 
expected qq behavior since the mass of both vectors tends to a constant and their width 
decreases as l/Nc- If we did not know it already, this would be a strong hint that both 
states are indeed qq states. Let us remark that ChPT is built in terms of mesons, not of 
quarks, but the QCD large Nc dynamics is correctly inherited in the L, values. 

Let us then turn to the controversial scalar resonances, subject of this workshop.. On 
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FIGURE 3. Large A^^. dependence of the pole positions in the lower half of the second Riemann y/s 
sheet of the meson meson scattering amplitude, obtained from the unitarized one-loop Chiral Perturbation 
Theory calculation. For each value of Nc the pole is represented by a dot, in different meson-meson 
scattering channel. Note that the (7 and K behavior is opposite to that of well know vector states as the p 
and K*. 



the bottom left of Fig. 3 we represent the movement of the pole commonly associated 
to the o and, on the right, that associated with the K. Note that we keep the notation 
y/Spoie — M — ir/2, although these poles are so far from the real axis (so wide) that 
the interpretation in terms of mass and width is no longer straightforward. However, 
it is very clear that their behavior is completely at variance with that expected for qq 
states. We can see that in both cases, either M or Tgrow as Nc is increased. This behavior 
does not correspond to a qq or glueball nature. Other interpretations should be invoked, 
although we want to remark that the one that is becoming more widely accepted, namely, 
the four-quark state interpretation ["30] (and also the two-meson molecules), is able 
to accommodate the fact that these states become the meson-meson continuum as Nc 
grows. 



CONCLUSION AND OUTLOOK 

In this talk I have reviewed the most recent developments in the unitarization of the Chi- 
ral Perturbation Theory amplitudes, paying particular attention to the Inverse Amplitude 
Method. The outcome of this approach is of interest for meson spectroscopy since it can 
generate resonances, without including them in the ChPT Lagrangian, and respecting 
simultaneously chiral symmetry and unitarity. 



I have reviewed how unitarized meson-meson scattering ChPT amplitudes provide 
a simultaneous description of the low energy and resonant regions below 1.2 GeV, 
generating the poles associated to the p,K* ,a,K,ao and /o states. This description 
respects the low energy chiral expansion up to next to leading order and the unitarized 
fit leads to parameters compatible with those of standard ChPT. Remarkably, it yields 
scattering lengths compatible with higher order calculations and the most recent low 
energy data. The amplitudes are completely renormalized and scale independent, thus 
avoiding any spurious dependence from artificial scales. We have also seen that some 
of the drawbacks, as crossing symmetry, seem to be well under control, given the 
present experimental uncertainties. The lAM is very simple to implement, and it can 
be systematically extended to higher orders. The few unitarized calculation to two loops 
indeed provide good descriptions of nn scattering again with compatible parameters. It 
has also been recently extended to channels with vanishing leading order providing a 
satisfactory description of the /2(1250) resonance. The description in terms of poles is 
robust, with the possible exception of the ao (that could alternatively be interpreted as a 
cusp), and these states seem to be an unavoidable requirement of chiral symmetry and 
unitarity. 

We have also shown how it can be generalized to thermal amplitudes, which allowed 
us to study the temperature evolution of the o and p resonances. 

Concerning the nature of these states, we have presented a preliminary study of 
the large Nc behavior of the poles. We have seen that the vectors generated with the 
lAM follow remarkably well the expected qq behavior. In contrast, the o and K states, 
behave in a completely different way, ruling out a qq or glueball interpretation. A qqqq 
interpretation seems at least qualitatively adequate large Nc evolution. 

The large Nc study is still preliminary and we are finishing the analysis of the /o and 
ao behavior, which have larger uncertainties and a complicated interpretation due to the 
proximity of thresholds and possible mixings with more massive multiplets ^. We are 
also estimating the errors due to the uncertainty in the renormalization scale where the 
large A^^ scaling is imposed. Finally, we are presently looking directly at the large Nc to 
avoid using poles whose interpretation for wide resonances is delicate. Work is still in 
progress in all these directions. 
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